Abstract: The fusiform gyrus (FG) is an important node in the face processing network, but knowledge of its causal role in face perception is currently limited. Recent work demonstrated that high frequency stimulation applied to the FG distorts the perception of faces in human subjects (Parvizi et al. [2012] : J Neurosci 32:14915-14920). However, the timing of this process in the FG relative to stimulus onset and the spatial extent of FG's role in face perception are unknown. Here, we investigate the causal role of the FG in face perception by applying precise, event-related electrical stimulation (ES) to higher order visual areas including the FG in six human subjects undergoing intracranial monitoring for epilepsy. We compared the effects of single brief (100 ls) electrical pulses to the FG and non-face-selective visual areas on the speed and accuracy of detecting distorted faces. Brief ES applied to face-selective sites did not affect accuracy but significantly increased the reaction time (RT) of detecting face distortions. Importantly, RT was altered only when ES was applied 100ms after visual onset and in face-selective but not place-selective sites. Furthermore, ES applied to face-selective areas decreased the amplitude of visual evoked potentials and high gamma power over this time window. Together, these results suggest that ES of face-selective regions within a critical time window induces a delay in face perception. These findings support a temporally and spatially specific causal role of face-selective areas and signify an important link between electrophysiology and behavior in face perception. Hum Brain Mapp 38:2830-2842, 2017. V C 2017 Wiley Periodicals, Inc.
INTRODUCTION
The fusiform gyrus (FG) in the inferior temporal (IT) lobe has been proposed to be a critical area for face processing and recognition [Kanwisher and Yovel, 2006; Kanwisher et al., 1997] . This was first demonstrated by lesion studies [Damasio et al., 1982; Hecaen and Angelergues, 1962; Meadows, 1974] , and later supported by neuroimaging [Kanwisher et al., 1997; Sergent et al., 1992] , and intracranial EEG Gross, et al., 1972; Jacques et al., 2016; McCarthy et al., 1999; Puce et al., 1999; Tsao, et al., 2003; Weiner and Zilles, 2016] . However, evidence demonstrating that the FG is causally involved in face perception to date is limited in humans, partially due to the lack of causal techniques with spatial and temporal precision. As lesion studies lack temporal specificity, previous studies have used noninvasive perturbational approaches, such as transcranial magnetic stimulation (TMS). However, these studies typically target the lateral occipital face area (OFA) rather than the FG, and their spatial specificity is limited [Bona et al., 2015; Holiday et al., 2015; Pitcher et al., 2008 Pitcher et al., , 2012 .
A small number of intracranial EEG studies have applied electrical stimulation (ES), which provides the desired spatial and temporal specificity, to the FG and associated areas with variable results [Allison et al., 1994; Jonas et al., 2012; Puce et al., 1999] . ES mapping (ESM)-a clinical method to elicit behavioral changes to map cortical regions prior to neurosurgical procedures [Borchers et al., 2012; Ojemann, 2010] -has been recently used to stimulate the FG and induce distortion of facial features [Parvizi et al., 2012] or interfere with face categorization [Chong et al., 2013] , an effect that lateralizes to the right hemisphere [Parvizi et al., 2012] . This phenomenology is particularly evident when stimulation is delivered to areas identified as face-selective by fMRI and intracranial EEG [Jacques et al., 2016; Megevand et al., 2014] but see [Jonas et al., 2015] . While intriguing and the best evidence to date that the FG is necessary for face recognition, the high frequency (60 Hz) and long duration (1 s) of electrical pulses applied in previous work limits the ability to explore a more mechanistic understanding of this phenomenon. As a result, several questions along the face perception investigation remain, including (1) to what extent does stimulation of face-selective regions spread to other cortical regions; (2) what are the local electrophysiological changes induced by ES; and (3) how do these changes correspond to behavioral output?
Single pulse stimulation is an alternative method to ESM that can address these questions by providing a brief electrical pulse delivered at a precise time relative to stimulus presentation. A number of dependent measures are resultant, including: (1) its effect upon the event related potential evoked by the visual stimulus, (2) the evoked electrophysiological response or cortico-cortical evoked potential (CCEP) [Keller et al., 2011 [Keller et al., , 2014a Matsumoto et al., 2004 Matsumoto et al., , 2007 and (3) the effect of the ES upon behavior. This minimal perturbation approach is advantageous over ESM as the underlying neural mechanisms of the CCEP are better understood [Keller et al., 2014b] and the causal spatial and temporal relationship of a cortical region to underlying behavior can be directly tested.
Here, we examined the electrophysiological and behavioral consequences of single pulse stimulation of faceselective regions. We hypothesized that ES, when applied at face-processing regions and during a critical processing time window during the viewing of a face, will alter neuronal activity locally that will in turn disrupt information processing of faces. We demonstrate a modulation of the evoked potential, accompanied by a suppression of high gamma (70-150 Hz) power, when ES was applied only during visual stimulation (VS) and only at face-selective regions. Neuronal responses within face-selective sites predicted the ES-induced slowing of detecting distorted faces. Together, these results support the notion of a temporal and spatially specific causal involvement of the FG in face perception.
MATERIALS AND METHODS

Patient Selection
Six subjects (2 female, aged 39.5 years; range 21-52) with medically intractable epilepsy at North Shore University Hospital participated in the current study. Patient characteristics are described in Table I . All patients provided informed consent as monitored by the local Institutional Review Board and in accordance with the ethical standards of the Declaration of Helsinki. The decision to implant, the electrode targets, and the duration of implantation was made entirely on clinical grounds without reference to this investigation. Patients were informed that participation in this study would not alter their clinical treatment, and that they could withdraw at any time without jeopardizing their clinical care.
Electrode Implantation and Recording
Patients were implanted with intracranial subdural grids, strips, and/or depth electrodes (Integra Lifesciences, Plainsboro, NJ and Ad-Tech Medical Instrument, Racine, WI) for 5-15 days. Monitoring occurred until sufficient data were collected to identify the seizure focus, at which time the electrodes were removed and, if appropriate, the seizure focus was resected. Continuous video-intracranial EEG monitoring was performed using standard recording systems (XLTEK EMU128FS or NeuroLink IP 256 systems, San Carlos, CA), high-pass filtered at 0.1Hz and low-pass filtered at 40% of the sampling rate, digitized at 512 Hz and stored for offline analysis. A strip electrode screwed into the frontal bone near the bregma was used as common mode ground. Acquired data were notch filtered (60 Hz) and rereferenced to an average reference [Privman et al., 2007] . Electrodes involved in the seizure onset zone and early seizure spread, as determined by an epileptologist blinded to the study, were removed from the analysis.
Electrode Registration
The electrode registration process has been described previously [Keller et al., 2011 [Keller et al., , 2013 . Briefly, to localize each electrode anatomically, subdural electrodes were identified on the postimplantation CT with BioImagesuite (http://bioimagesuite.yale.edu/lands/) and were coregistered first with the post-implantation structural MRI and subsequently with the preimplantation MRI to account for possible brain shift caused by electrode implantation and surgery [Mehta and Klein, 2010] . Following coregistration, electrodes were snapped to the closest point on the reconstructed pial surface [Dale et al., 1999] of the preimplantation MRI in MATLAB [Dykstra et al., 2012] . Intraoperative photographs were used to corroborate this registration method based on the identification of major anatomical features. Automated cortical parcellations were used to relate electrode data to anatomical regions [Fischl et al., 2004] .
Selection of Stimulation Sites
To evaluate the selectivity of regions within the visual system, we used a one-back memory task that has been described previously by our group . Pictures of houses, faces, textures, and man-made tools were presented for 250 ms with 1 s interstimulus interval (see Fig. 1 ). Data were notch filtered, bipolar referenced, bandpass filtered, and converted to High Gamma Power (70-150 Hz; HGP). For each pair of electrodes, the area under the curve (AUC) of the HGP response to VS between 100 and 300 ms post stimulus onset was computed. The AUC was computed separately for the face and house categories and contrasted using a paired t-test. For pairs of electrodes that showed a significant difference between the response to faces and houses, the category that yielded the stronger response was treated as the preferred category and a d 0 value was computed in the following way:
The pair of adjacent electrodes with the highest d 0 for faces was considered as the face-selective site. The control sites were selected as an adjacent pair of electrodes exhibiting the strongest d 0 for places and separated from either FG stimulation site by >1 cm. If no regions were selective to places, a nonselective region in the visual system that demonstrated a HGP increase to both faces and houses was considered the control site.
Face Perception Task
Following the identification of face and scene-selective regions from the one-back memory task (see Fig. 1 ) and the resumption of antiepileptic medications, a face distortion detection experiment was performed. The task was inspired by a previous report of face distortion effects following FG stimulation [Parvizi et al., 2012] . The task consisted of grayscale face images (of 158 3 158 visual angle), which were superimposed with a 4*4 grid. Each image was presented on the screen for 350 ms and the task of the patient was to report whether it appears distorted or not. This forced-choice task was self-paced and each trial began with a 500 ms fixation screen. In twothirds of the trials, the face was distorted by randomly selecting two fragments of the face and circularly shifting them sideways, upside or downside. The level of distortion was determined for each patient individually based on a set of training sessions with varying levels of distortion. The level of distortion that corresponded to 75% accuracy was chosen for the main experiment.
Bipolar ES was performed by applying single current pulses to adjacent electrodes (biphasic pulses, 100 us/ pulse) using a Grass S12 cortical stimulator (Grass Technologies, West Warwick, RI). The current magnitude was chosen to be 8 mA for surface electrodes and 5 mA for depth electrodes as this was the maximum current using our stimulation protocols that did not induce epileptiform discharges in areas outside of the seizure onset zone. Stimulation was delivered at three different latencies with respect to visual stimulus onset: 2200, 100, and 500 ms. Given the clinical context, we were unable to test more than three time latencies. The 100 ms latency stimulation condition consisted of either a single pulse or a train of 5 pulses at 50 Hz. For each stimulation site, there were 60 trials per stimulation latency. These trials were randomly intermixed with two types of catch trials: (a) 
Behavioral Analysis
Reaction time (RT) was calculated as the time from stimulus onset to the patient's recorded response. Trials in which RT deviated from the mean RT by more than two standard deviations were excluded from further analysis. Mean RTs and accuracy rates were computed separately for each stimulation site. No significant difference was observed between RTs in the single pulse and repetitive stimulation groups for either stimulation site (FG single vs rep, P 5 0.26, n 5 214; CTL single vs rep P 5 0.09, n 5 214, Wilcoxon rank sum test). As a result, the RT for the single pulse and repetitive stimulation groups were combined to increase the sample size for each patient. Group behavioral analyses were performed following the normalization of each patient's RTs to the mean RT of the no stimulation condition to account for patient differences in the overall speed of response. The Wilcoxon rank sum test then evaluated the group differences in RT between each pair of condition.
Electrophysiological Analysis
Electrophysiological data were analyzed offline with custom scripts (MATLAB, Mathworks). First, channels with high amplitude noise (SD > 250 uV) as well as electrode sites corresponding to the seizure onset zone were excluded. The remaining channels were notch filtered to remove power line noise and rereferenced by subtracting the common average [Privman et al., 2007] . For each condition, data from each trial were epoched (21 to 1.5 s after visual stimuli onset).
For each condition consisting of ES, the CCEP was quantified in a similar fashion as previous work [Keller et al., 2011; Matsumoto et al., 2004 Matsumoto et al., , 2007 . CCEPs in human cortex generally consist of an early sharp response (10-50 ms post stimulation) and a later slow wave (50-250 ms), referred to as N1 and N2, respectively, due to the existence of predominantly surface-negative voltage deflections during these time periods. Therefore, for each trial, the maximum negative voltage deflection in the early (N1) and late (N2) time periods were calculated and compared with the prestimulus baseline period (2250 to 250ms).
To calculate a potential proxy for neuronal population activity, for each condition we computed the power in the high gamma range (70-150 Hz; 'HGP'). ES elicited an initial artifact (within 10 ms of stimulation onset) and an N1 (10-50 ms) response, both of which are sharp enough to bleed into the gamma frequency. Therefore, HGP responses within 50 ms of stimulation onset were not analyzed and are grayed out for visualization purposes. Next, epoched data for each condition was bandpass filtered between 70 and 150 Hz (4th order Butterworth filter with zero phase shift) and Hilbert transformed to obtain the envelope of the signal (HGP) [Keller et al., 2013; Ossandon et al., 2011] . Evoked HGP following ES was quantified by computing the AUC during the N1 and N2 time periods. All group analyses were performed with the Wilcoxon rank sum test because of the nonlinear sample distribution.
RESULTS
We examined the effect of extremely brief single pulses of direct ES to the FG on face perception in six human subjects (4 male, age 39.5 6 12.9 SD) undergoing invasive electrode monitoring for epilepsy. Patient characteristics and the degree of selectivity of stimulation sites are shown in Table I . Stimulation sites were chosen based on the high gamma power selectivity to faces and places ( Fig. 1 ; see Methods). 5/6 patients (Pts 2-6) had electrodes with significant selectivity to faces and 5/6 patients (Pts 1,2,4-6) exhibited electrodes with significant selectivity to houses. In the absence of category-selective responses, the stimulation sites were selected based on anatomical considerations. The experimental design is outlined in Figure 2A . Distorted and non-distorted faces were presented with and without ES at specific latencies (2200, 1100, 1500 ms) with respect to visual onset. There was no significant effect of stimulation site on accuracy across subjects (one-way ANOVA F(2,15) 5 0.03, P 5 0.97; accuracy face-selective stim 5 82.2%; accuracy place-selective control stim 5 83.4%; accuracy no stim 5 82.3%). Therefore, we focused on RT to characterize the behavioral effects of ES.
Temporal and Spatial Specificity of CCEP Modulation
To characterize the underlying electrophysiological changes, we first examined how the CCEP is modulated by VS. Figure 2C compares the CCEP recorded with and without VS in a face-selective region in one patient. ES was applied 100 ms following VS. When a face was presented on the screen we observed a significant shift to a more positive potential during the late slow wave ("N2," 50-250 ms) time period of the CCEP ( Fig. 2C ; patient 1; n 5 60 trials; unpaired t-test, P < 0.001). Importantly, VS did not affect the early "N1" (10-50 ms) response ( Fig. 2C ; P 5 0.34). Furthermore, ES applied 200 ms prior to or 500 ms following VS did not cause a modulation in either the N1 or N2, suggesting a temporally specific effect between visual onset and 500 ms. Moreover, ES to the control site during the presentation of faces did not cause a modulation in either the N1 or N2 time period ( Fig. 2D ; P 5 0.63 and 0.44, respectively), suggesting a spatially specific effect. Importantly, a similar effect was observed for repetitive stimulation (Fig. 2E,F) .
Linking Electrophysiology to Behavior in Single Patients
How do these changes, caused by perturbing the normal processing of face-selective regions, affect behavior? Figure 3 examines these electrophysiological and behavioral changes in each subject. 4/6 patients exhibited an increase in RT following face-selective stimulation compared to no stimulation or stimulation of the control site, while 3/4 of these patients showed significance at the single subject level ( Fig. 3B ; n 5 30 trials; patients 1, 2, 4, P < 0.05 after FDR correction for multiple comparisons; patient 3, P 5 0.12; unpaired t-test). In these 4/6 patients, ES applied to the face-selective but not the control site during VS modulated the amplitude of the CCEP (Fig. 3C,D ; P < 0.01). Interestingly, Patient 5 did not exhibit a significant change in RT or the CCEP following ES of faceselective or control stimulation. In contrast, Patient 6 demonstrated an increase in RT during ES to both sites. This patient also exhibited modulation of the CCEP to both sites when ES was paired with VS ( Fig. 3B-D) . Figure 4 describes the group effect (n 5 6) of ES applied to face-selective regions on electrophysiology and behavior. Across subjects, face-selective stimulation localized to the inferior lateral temporal lobe (Fig. 4A) . The interaction of electrical and VS elicited a significant reduction (more positive voltage deflection) in the peak amplitude of the N2 but no change in the N1 of the CCEP (Fig. 4B , n 5 6 patients, p N2 < 0.01, p N1 5 0.28, Wilcoxon rank sum test). Stimulating sites exhibiting strong face-selectivity (high d 0 ) resulted in slower RTs, while stimulating electrodes with weak faceselectivity resulted in faster RTs (Fig. 4C and Supporting Information Fig. S2 , P < 0.001, unpaired t-test, all conditions). Analysis of the group effect of ES on behavior on each stimulation condition demonstrated that compared with the control site stimulation at 2200 ms, ES applied to the FG at 1100 but not 2200 or 1500 ms following VS onset significantly increased the RT (Fig. 4D , p 2200 ms 5 0.12; p 1 100 ms 5 0.004; p 1 500 ms 5 0.80, unpaired t-test, FDR correction for multiple comparisons). No changes in RT was observed following control stimulation (p 2200 ms 5 0.90; p 1 100 ms 5 0.22; p 1 500 ms 5 0.28). The change in RT was significantly higher for the 1100 ms stimulation condition of the FG compared with the control site (FG 1 100 ms vs CTL 1 100ms p 5 0.03, n 5 214).
High Gamma Response to ES
We investigated the effect of ES and VS on the HGP response (Fig. 5) , which is thought to reflect (at least in part) population spiking activity [Manning et al., 2009; Nir et al., 2007; Ray and Maunsell, 2011] . VS alone evoked a strong increase in HGP, while ES alone caused an initial HGP increase followed by a long-lasting HGP suppression (Fig.  5A ). ES applied during VS significantly suppressed the HGP response compared to VS alone in this patient ( Fig. 5B ; P < 0.001 FDR correction for multiple comparisons; unpaired Face VS modulates the CCEP when stimulating face-selective regions, but not place-selective regions. A: Schematic of experimental protocol. ES was applied to face-selective and control regions at 2200, 100, and 500 ms with respect to VS onset (0 ms). B: Locations of FG and control stimulation and readout. C: The effect of VS and face-selective single pulse (0.1 ms) ES on the CCEP. ES was applied at 0 ms (vertical dotted line), whereas the face was presented at 2100 ms and remained until 1250 ms. VS during ES of face-selective regions causes an increase in the late N2 voltage deflection but not the early N1 response of the CCEP. D: In contrast, VS during ES of place-selective control sites does not modulate the N1 or N2 response. E,F: VS during brief (100 ms) 50 Hz repetitive ES of (E) face-selective but not (F) place-selective control sites leads to a change in the evoked response. Data from one representative patient. 
Superposition of Multimodal Stimulation
Is the modulation of the CCEP at face-selective sites during face perception only related to the temporal superposition of the face evoked potential and the CCEP? To answer this question, we compared the difference between the ERP evoked from VS alone to the difference between both ES only subtracted from the combined visual and ES condition (VS-ES). We find that when examining voltage responses to FG ES across subjects, the predicted response to VS (ES FG ,VS-ES FG ) was statistically larger than the actual response to VS (Supporting Information Fig. S3A , B, upper panels; p FG <.05, t FG 5 2.2, n 5 6). However, for control stimulation, no significant difference was observed (Supporting Information Fig S3A, B , lower panels; p CTL 5 0.33, t CTL 5 0.7, n 5 6). This effect was not observed for high gamma power (Supporting Information Fig S3C, 
Spatial Distribution of Cortical Responses to Electrical and VS
ES applied at face-selective cortex should propagate within the same network recruited by natural face processing. Therefore, in order to determine how the spatial propagation pattern of ES relates to natural face processing, we next compared the spatial spread of CCEPs to visual ERPs. Figure 6A shows the spatial spread of CCEPs in response to FG stimulation in one patient. ES to the FG and VS both elicit strong evoked potentials locally along the inferolateral temporal lobe (Fig. 6A,B for the N170 of the visual ERP and the N2 of the CCEP, respectively). Spatial correlation analysis demonstrates a strong positive correspondence between modalities in patient 2 (See Methods; Fig. 6C ; r 5 0.51; P < 0.01). Patient 3 also demonstrated this effect, with FG stimulation and VS both evoking relatively local IT activity as well as more remote regions, including inferior frontal, superior frontal, and inferior parietal sites ( Fig. 6D-F ; r 5 0.67; P < 0.01). This positive correlation was observed across all subjects (mean r 5 0.54; P < 0.01; n 5 6), suggesting that ES applied to FG propagates to regions involved in face processing. This relationship was lower but still significant for the N1 time period of the CCEP (mean r 5 0.31; P < 0.01; n 5 6).
Do changes observed at face-selective sites following electrical and VS (Figs. 2-4) occur outside of face-selective regions? And, if so, are these changes confined to regions functionally connected to the FG? Because CCEPs are observed remote to the stimulation site [Keller et al., 2011 [Keller et al., , 2014a Lacruz et al., 2007] , we hypothesized that interactions between visual and ES will occur in regions distant to the stimulation site. As expected, ES applied to faceselective sites during VS (CCEP 1 vis) caused a significant positive shift in the amplitude of the N2 of the CCEP in several regions outside the stimulation site (see example in Fig. 7A; patient 4) . Importantly, CCEP modulation was not observed at any site during the CCEP 1 vis condition after (Fig. 7B) . Across subjects, ES of the FG during VS (CCEP 1 vis) modulated the CCEP in a larger but non-significant number of total sites compared with ES of the control site (FG stim 5 9.5 6 2.89 sites; CTL stim 5 1.5 6 0.81 sites; Fig. 5C ; n 5 6, P 5 0.06, Wilcoxon rank sum test). The proportion of sites modulated within the FG network (defined as strong CCEPs elicited following FG stimulation), however, was significantly higher than the proportion of modulated CCEPs following control stimulation (FG stim 5 40.7 6 12.1%; CTL stim 5 11.3 6 5.37%; Fig. 5D ; n 5 6, P 5 0.02, Wilcoxon rank sum test).
DISCUSSION
Summary of Findings
Here, we investigated the causal role of the FG in face perception using event-related ES during a face distortion paradigm. Brief ES applied to face-selective regions did not significantly affect accuracy but nonetheless increased the RT of detecting face distortions. Effects were specific to stimulation applied 100ms after visual onset and in face-selective but not place-selective regions. This change in behavior was accompanied by a decrease in the 
Spatial and Temporal Specificity of Electrical Perturbation of the FG
The findings of the current investigation are in line with several prior studies. Microstimulation of face-specific patches in the monkey IT cortex within specific time windows (50-100 ms) can bias face categorization [Afraz et al., 2006] . TMS applied to the human OFA decreases facial symmetry detection [Bona et al., 2015] and disrupts facial discrimination only when applied between 60 and 100 ms following stimulus onset [Pitcher et al., 2008] . Earlier stimulation (40-50 ms) disrupts performance in a noncategory specific fashion [Pitcher et al., 2012] , and longer latencies (1700 and 2900 ms) stimulation has no effect upon face discrimination [Holiday et al., 2015] .
Whereas the spatial resolution of TMS is poor and typically limited to the OFA, not FG, electrocorticography (ECoG) provides superior spatial specificity to link stimulation to specific cortical regions in humans. A number of ECoG and sEEG studies have shown that high frequency ES applied to face-selective electrodes results in a facespecific perceptual disruption [Allison et al., 1994; Chong et al., 2013; Jonas et al., 2012 Jonas et al., , 2015 Megevand et al., 2014; Parvizi et al., 2012; Puce et al., 1999; Vignal et al., 2000] .
Results presented here corroborate previous studies and extend our understanding of the role of the FG in face perception. We show that ES applied to the FG results in a behavioral slowing of face perception that was accompanied by a decrease in amplitude of the CCEP during VS. Patients 1, 2, and 4 elicited, as expected, significant behavioral slowing with an accompanied decrease in evoked potential amplitude. Patient 3 showed a non-significant behavioral slowing with a significant reduction in CCEP amplitude. Patients 5 and 6; however, did not demonstrate this effect. Patient 5 served as a negative control as neither the behavior or evoked potentials were modulated when the FG was stimulated, whereas patient 6 served as a positive control by demonstrating both a behavioral slowing Identical to A but map shows significant differences between ES of place-selective control sites during rest and during VS. C,D: Group analysis (n 5 6) demonstrating the (C) total number of electrodes across the brain and (D) the proportion of electrodes within each network with significant changes between CCEP and CCEP 1 vis conditions. r Tuning Face Perception with ES of the FG r r 2839 r and a modulation of the CCEP during stimulation of a control region. Interestingly, the control site in this patient was located near the lateral occipital cortex area-a key area in object processing [Bona et al., 2015; Malach et al., 1995] which could possibly explain the positive effect found here.
While our results do not replicate lateralization of behavioral effects observed with high frequency stimulation to the right FG [Rangarajan et al., 2014] , critical methodological differences may account for these discordant findings including electrode location within the FG, stimulation type [60 Hz ES in Rangarajan et al., 2014] (single pulse ES in this work) and behavioral output [behavioral report in Rangarajan et al., 2014] (RT in this work). However, our small sample size does not permit strong claims regarding lateralization.
Finally, it is possible that implantation technique (sEEG vs. subdural electrodes) influence results presented here. Indeed, 2/3 patients with significant slowing and CCEP modulation were sEEG. In our laboratory, we have observed CCEPs performed on sEEG implants to have less stimulation artifact and earlier resolution of evoked responses (unpublished work). In addition, it is possible that the differential nature of electrode sizes, shapes, and neuronal perturbation between techniques (sEEG directly affecting a mix of white and gray matter depending on electrode placement; subdural surface electrodes primarily leading to dendritic activity) may have contributed to the observed results. However, given the small sample, it is difficult to make a broad generalization between the two approaches. More work should be performed focusing on this specific question of signal-to-noise, morphology, and network distribution of CCEPs and their relationship to behavior.
Accuracy versus RT
ES of face-selective sites did not significantly change the accuracy of detecting face distortions. This finding seems to contradict previous studies demonstrating that ES of the FG produces robust perceptual disruptions of faces [Chong et al., 2013; Parvizi et al., 2012; Rangarajan et al., 2014] . However, this discrepancy can be attributed to task differences, as previous studies did not require patients to detect face distortions. Moreover, previous studies used 1 s or longer high frequency stimulation compared to event-related single pulses in our study. The critical finding in our study is that very brief below threshold ES can produce measurable effects in behavior. Furthermore, it appears that compared to accuracy measurements, RT may be a more sensitive (or at least complementary) index for these changes.
Mechanisms Underlying Induced Changes in Face Perception
CCEPs may be characterized by a brief period of increased population activity followed by a longer lasting population decrease, as evidenced by studies of single unit activity [Alarcon et al., 2012] , multiunit activity [Keller et al., 2014b] , and high gamma power [results presented here and in van 't Klooster et al., 2011] . As expected, HGP increased in the FG upon VS with faces. In contrast, HGP decreased from 50 to 250 ms in the FG following ES, consistent with the N2 of the CCEP being largely inhibitory in nature [Alarcon et al., 2012; Keller et al., 2014b] . When both stimulation modalities were combined (visual and electrical), we observed a suppression of HGP compared with VS alone. As high gamma power relates to population activity [Manning et al., 2009; Nir et al., 2007; Ray and Maunsell, 2011] , these findings suggest that ES may suppress population activity during VS. Furthermore, we hypothesize that ES to face-selective sites suppresses high frequency (and potentially population) activity and may underlie the observed behavioral slowing.
Single Pulse ES as a Tool to Study Human Cognition
ECoG provides a platform for high spatial (<1 cm) and temporal (1 ms) resolution of cognitive processes while recording from awake, behaving humans. ESM and CCEP mapping are two relatively common techniques used in ECoG. ESM is routinely used in the clinical setting by applying high frequency (60 Hz) stimulation for 1-10 s duration while the patient is performing a task (i.e., repeating a sentence, naming an object) and examining readily observable changes in behavior induced by this perturbation. ESM is also used as a research tool to probe the function of various cortical circuits. Most ESM studies do not employ precise timing of stimulation with respect to a task and nor record the brain's responses during this time. Reasons for the rarity of these studies include the increased risk of producing seizures with high frequency stimulation and the problem of dissociating stimulus artifact from measured neural responses. CCEP mapping can overcome some of these limitations by providing precise temporal control with brief stimulation. Such time-controlled CCEP studies have been utilized to examine the causal role of brain activity to conscious perception [Beauchamp et al., 2012] and cognitive tasks such as inhibitory stopping [Wessel et al., 2013] . CCEP studies have also characterized cortico-cortical connectivity and excitability [Entz et al., 2014; Keller et al., 2014a; Lacruz et al., 2007; Meisel et al., 2015] , elucidated propagation patterns in epilepsy [Enatsu et al., 2013; Valentin et al., 2002] and facilitated neuronal mechanisms underlying noninvasive imaging [Conner et al., 2011; Keller et al., 2011] . In summary, CCEP mapping is a tool that provides excellent spatial and temporal specificity for probing a causal role of cortical brain regions and networks on specific cognitive processes.
Limitations and Implications
One limitation of this study may include use of epileptic patients, as the generalization of these subjects' neuronal recordings to healthy subjects is often questioned. However, electrodes from the seizure onset zone and early epileptic spread regions were removed from the analysis.
This study extends our understanding of the role of the FG in face perception. First, the application of focal ES with precise timing provides a better understanding of the temporal dynamics involved in face perception. Second, the spread of ES-a crucial consideration in any stimulation study-can be quantified due to the large number of sampled regions. Finally, the careful measurement of RT allows us to directly link electrophysiology in the FG to behavior.
